Design discharges in a small experimental catchment in Žarošice (Czech Republic) were evaluated using various methods for peak discharge assessment applying 24-h storm rainfalls reduced to short duration. Rainfall-runoff models HEC-HMS based on standard Natural Resources Conservation Service hydrologic methods and KINFIL, which combines the Morel-Seytoux infiltration and kinematic wave direct runoff transformation, were used to compute runoff hydrographs. The approach of technical standard and Froehlich's method determined the peak discharges only. The aim of this study was to assess the ability of these methods to predict design peak discharge in comparison with the data obtained from the Czech Hydrometeorological Institute (CHMI), which is the authority for providing hydrological data in the Czech Republic. The results demonstrate that the peak discharges computed by Froehlich's method are mostly closest to the data provided by CHMI. For the 100-year flood, HEC-HMS based on the Curve Number method showed the best agreement.
Estimation of flood magnitudes is the main task for development of management strategies that reduce the impact of flooding. In some situations, only the peak discharge from a catchment may be required, e.g. for a design of stream bank protection works. Various approaches have been used for estimation of flood peak discharges with different return periods. In stationary catchments with sufficiently long gauge records, the design discharges can be obtained from the statistical frequency analysis of streamflow data. Design discharges for ungauged or non-stationary catchments can be obtained from prediction methods based on catchment descriptors, like area, slope, land use, and other physical or climatic characteristics. For a description of catchment properties, the concept of Curve Numbers of US Natural Resources Conservation Service (NRCS) is still widely used (Bulygina et al. 2011; White et al. 2011; Buchanan et al. 2012; Soulis & Valiantzas 2012) .
Hydrological models attempt to simulate the complex hydrological processes that lead to the transformation of rainfall into runoff, with varying degree of abstraction from these physical processes. These models have been applied to simulate a rainfall-runoff process in gauged catchments successfully for over 40 years, but the representation of flow in ungauged catchments remains a challenge. To overcome the difficulties, physically based models are used, in which catchment physical properties can be used as model parameters. In the case of small catchments, we can assume that the amount of data needed for reliable simulation of physical processes is not the limitation factor for the application of physically based models such as MIKE SHE (Refsgaard & Storm 1995) , CASC2D (Rojas et al. 2003) , Kineros2 (Al Qurashi et al. 2008) or SHETRAN (Ewen et al. 2000) like in the large catchments (Beven 1989) . Using this type of models, design rainfalls of different return period are input to a model. The peak discharge of the obtained hydrograph is assumed to be design discharge with the same return period as its corresponding input design rainfall (Froehlich 2012) .
The aim of this study is to carry out a comparative study of design peak discharges assessed for small catchments by different methods. In this paper data obtained by four different approaches are compared with peak discharges provided officially by the Czech Hydrometeorological Institute (CHMI).
MATERIAL AND METHODS
Design rainfalls. In this study, the design-storm approach is used. It is assumed that N-year rainfall causes N-year flood wave (Hrádek 1988; Guo 2001; Guo & Markus 2011) . Design rainfalls with N-year return period and various durations t were computed using the DES_RAIN program for maximal one-day rainfalls derived from long-term observations by the relationship in Eq. (1) (Hrádek & Kovář 1994; Kovář et al. 2011): (1) where: P t,N -design rainfall depth (mm) with return period N and duration t P 1d,N -maximal one-day rainfall depth (mm) k, c -regional parameters For the study rainfalls with return period N = 2, 5, 10, 20, 50 and 100 years and duration from 10 up to 120 min were applied. Design rainfalls for the study catchment ( Figure 1 ) were derived from observed rainfalls at Kyjov rain gauge (Šamaj et al. 1983) , which is about 13 km SE of the study catchment.
Methods for peak discharge assessment. Results of two rainfall-runoff models were compared. The first one is HEC-HMS (USACE 2000) , in which NRCS Curve Number (CN) method (NRCS 1986) was chosen as an infiltration part of the model and direct runoff was transformed by US SCS unit hydrograph (UH), due to low data requirement. Excess precipitation P e is described in this study as the function in Eq. (2) (NRCS 2004a):
( 2) where: P e -accumulated excess rainfall (mm) at time t P -accumulated precipitation depth (mm) at time t R -potential maximum retention (mm) R is related to CN (NRCS 2004a) as indicated in Eq. (3): (3) NRCS unit hydrograph is a dimensionless singlepeak hydrograph. Discharge is expressed as a ratio to UH peak discharge U p for any time t, a fraction 
where: F -catchment area Δt -excess precipitation duration t c -time of concentration of the catchment
Further description of the model can be found in NRCS (1986, 2004a, 2007) or USACE (2000) . Time of concentration was assessed by the velocity method (NRSC 2010) . The time of concentration is the sum of travel times for segments along the hydraulically most distant flow path. The segments used in the velocity method may be of three types: sheet flow, shallow concentrated flow, and open channel flow. The velocity method uses Manning's kinematic solution and it is considered to be the best method for calculating time of concentration if hydraulic changes to the watercourse are being considered.
The second model, KINFIL (Kovář et al. , 2012 , is physically based, using saturated hydraulic conductivity and Green and Ampt sorptivity as parameters. These parameters can be assessed either from field measurement or from relationships of CN with hydraulic conductivity and sorptivity at field capacity, CN = f(K s , So), derived for conditions of the Czech Republic (Kovář 2000 (Kovář , 2006 .
In this model, infiltration is computed by formulas of ponding time t p (Eq. (5)) (Mein & Larson 1973) and cumulative infiltration V (Eq. (6) (5) (6) where: So -sorptivity at field capacity (m/s 1/2 )
Direct runoff is transformed using the kinematic wave equation (Eq. (7)) (Woolhiser & Liggett 1967; Kovář 2000) : (7) where: y -depth of flow (m) t, x -time (s) and space (m) ordinates, respectively i -excess rainfall intensity (m/s) α, m -hydraulic parameters of kinematic wave, α = √J/n J -slope (-) n -Manning's overland flow roughness (-) This equation is solved numerically by the LaxWendroff explicit scheme (Singh 1996; Woolhiser et al. 1970) .
The third approach to design peak discharge assessment employs the technical standard "Design discharges for very small catchments" (Hrádek 1988) . Excess rainfall computation in this model is based on the CN method (Eqs (2) and (3)). Time of concentration of the catchment, t c , is solved by modified accounting of design rainfall height (Eq. (1)) from Eq. (8): (8) where:
Peak discharge with the return period of 100 years is then obtained from Eq. (9): (9) where: Q 100 -peak discharge with the return period of 100 years
Peak discharges with different return periods are calculated by multiplying Q 100 by reduction coefficients (Table 1) .
The fourth approach to catchment peak discharge evaluation used in this study is the method developed by Froehlich (2012) . This method is based on the NRCS rainfall-runoff relations (2007) Figure 2) . Soils in the catchment are classified in group B according to the comprehensive soil survey of the Czech Republic. The curve number for the catchment is CN = 73.3 (Table 2 ) and the time of concentration established by velocity method (NRCS 2010) t c = 20 min. This value was used for the calculation by the HEC-HMS as well as Froehlich's method. The field measurements of hydraulic conductivity and sorptivity at field capacity estimate the values of K s = 0.16 mm/min and So = 1.37 mm/min 1/2 . Manning's roughness coefficients were set up according to tabular values (NRCS 2010; USACE 2000) n = 0.4 for permanent grassland in a dry retention reservoir, n = 0.24 for unmaintained orchard and n = 0.17 for arable land. The technical standard uses Bazin's roughness coefficients (Hrádek 1988) to describe the shape of the hillside. This simplified geometric configuration of the catchment is described in Table 3 . In the HEC-HMS model and Froehlich's method, characteristics of a slope are projected in the time of concentration.
RESULTS
Rainfall-runoff models were not validated because there is no discharge gauge in the catchment. Kovář (2000) showed in his study on various catchments that the KINFIL model provides good agreement between simulated and observed discharges when CN values are determined according to NRSC methodology (NRSC 2004b) . Hjelmfelt (1991) tested the NRCS runoff equation for several watersheds with good results. Therefore it is assumed that the HEC-HMS may provide acceptable results of discharges without calibration.
Design flood hydrographs from design rainfalls with corresponding return period were simulated for different rainfall durations by the HEC-HMS and the KINFIL model. The KINFIL model was applied both with the CN value (KINFIL-CN), which was the same as in the HEC-HMS model, and with measured parameters (KINFIL-field). Only the peak discharges were calculated on the basis of the technical standard and method of Froehlich (2012) .
The highest peak discharges for every return period N and both HEC-HMS and KINFIL were chosen, see Table 4 . In the case of the HEC-HMS model, the most dangerous rainfall duration was decreasing with increasing return period. On the other hand, the KINFIL model showed rainfalls with duration of 40 min as the most crucial.
Peak discharges of flood hydrographs obtained from HEC-HMS and KINFIL models, from the technical standard and from Froehlich's method were compared with peak discharges provided by the CHMI (Table 4 ). The HEC-HMS model and the technical standard method evinced underestimation of peak discharges compared to data from CHMI. Only slight underestimation was revealed in the case of return period N = 50 and 100 years (2.5% and 5.3%, respectively), which is the estimation closest to the CHMI data. Peak discharges computed by the technical standard method with return periods shorter than 100 years are computed from the 100-year value by reduction coefficients, so a potential mistake in the estimate of Q 100 affects the other peak values. Using the KINFIL model with parameters derived from CN underestimated peak discharge with return period N = 2 years, the other peak discharges were overestimated in the range from 20% to 62%. The same model with parameters measured in the field shows underestimation of peak discharges of events with shorter return period (2 to 10 years) and overestimation in longer return periods. The difference between KINFIL-CN and KINFIL-field values can be caused by inaccuracy of soil hydraulic parameters computed from regional relationships CN = f(K s , So) and also by measurement error in the field determination of these parameters. The hydraulic conductivity and sorptivity at field capacity computed from the CN value are also lumped parameters for the entire Žarošice catchment and need not correspond to the values measured locally (Kovář 2000) .
Peak discharges obtained by Froehlich's method were closest to data provided by CHMI with deviation up to 11%, except the 2-year discharge (Figure 3 ). Peak discharges calculated from HEC-HMS and Froehlich's method are quite similar. The reason is probably that these approaches are built on the same background of the CN method.
The data provided by CHMI are from the fourth group of accuracy, which means that the standard error of the mean is 40% for N = 1 to 10 years and 60% for N = 20 to 100 years ( Figure 3) . Most of the peak discharges with return period from 5 to 100 years assessed by the above-described methods fall into these spans, except peak discharges calculated by the KINFIL-CN model for N = 50 years and by HEC-HMS for N = 5 years. For the return period of N = 2 years, only the technical standard was able to assess the peak discharge within the confidence interval of the CHMI data.
DISCUSSION
In this study various methods of peak discharge assessment are presented. Various uncertainties are related with the results. The assumption about the equality of return period of rainfall and corresponding runoff, which was used, is not proved to always be acceptable because of various uncertainties (Adams & Howard 1986) . For example assuming even identical antecedent conditions in the catchment, two different hyetographs could have produced runoff hydrographs with the same peak discharge but with different hydrograph shapes and volumes and peaks occurring at different times from the beginning of the storm. Neither would the catchment under different antecedent conditions response identically to the same hyetograph. Moreover, design storms are typically associated with summer convective storms and do not reflect the conditions of snowmelt (Adams & Howard 1986) . Nevertheless, some studies (e.g. Packman & Kidd 1980; Guo 2001) showed that the design storm approach can produce peak discharges of desired return periods with the acceptable level of accuracy (about 40 to 50%) if used properly and these peak discharge are comparable to those obtained by continuous simulation approach or analytical probabilistic approach (Guo 2001) . Another uncertainty arises from the fact that the rainfall gauge is not located in the experimental catchment. Therefore the design storm data are burdened with inaccuracy due to geographic distance. Although Froehlich's method provides very good results, it is necessary to point out that storm type II was assumed to be the most appropriate pattern for design rainfalls in the study catchment. The duration-frequency data for the Czech Republic were not compared with the data from the United States, which brings an uncertainty to the results of this method.
All above-mentioned hydrological models conceptualize complex spatially distributed processes in the catchment using relatively simple mathematic equations with parameters that do not often represent directly measurable entities. This leads to uncertain parameter estimates and consequently to uncertain forecasts (Vrugt et al. 2005) . Also the models are lumped and the average parameters may not reproduce well the spatial heterogeneities in the catchment (Beven 1989) .
The absence of calibration and validation of models applied in this study includes another uncertainty in results. However, Hjelmfelt (1991) and Kovář (2000) proved that KINFIL and HEC-HMS models can perform satisfactorily even with parameters obtained directly from catchment characteristics.
The study evinces that there are approaches for design discharge calculation in the Žarošice small catchment giving acceptable agreement with data provided by the CHMI. Especially Froehlich's method could be used as an alternative for design discharge calculation, but further research on its applicability in conditions of the Czech Republic is necessary. Also the comparison of the abovementioned methods on a higher number of catchments seems to be appropriate.
